Abstract
Introduction
Laboratory work reinforces the theoretical foundation of courses laid out during formal lectures, and it is a way to help students develop vital experimental skills such as planning, observation, analysis, communication, etc., to succeed in their future careers [1] [2] [3] . This strategy of learning skills through "doing", however, is not always an easy task because of the limitations often imposed by high costs, incurred from equipment maintenance, and safety requirements. These shortcomings can be countered by resorting to simulation and experimental design tools. In other words, expensive and/or hazardous experiments can be simulated by simple physical concepts whose mathematical models are similar in form to the original physical concept one is seeking to investigate. This idea has been exploited in this study to simulate the kinetics of simple chemical reactions via experimental design and investigation of the hydrodynamics of the draining of ducts of various geometric shapes.
Of equal importance in engineering design education is the development of computer modules to supplement classroom presentations [4] . A key factor is the identification of curriculum activities that cannot be easily accomplished by experimental means and/or solved analytically. Models of sufficient fidelity and execution time provide students with opportunities in reflection on, evaluation and justification of decisions in engineering design [5, 6] . For the purpose of this study the problem of thermal radiation exchange in a 3-D enclosure is considered. This choice has been dictated by many factors: First, by the lack of any analogy with the other modes of transport (mass, heat, and momentum), which is not helpful from the pedagogic viewpoint, and, second, by the strong nonlinearity of the equations describing thermal radiation, making their solution by analytical means impossible and numerically quite difficult, especially for realistic geometries and surfaces.
This paper describes two modules in chemical reaction kinetics (module I) and thermal radiation (module II), and developed using a combination of concepts based on the principles of simulation and design. The next sections give descriptions of the modules along with the discussion of some related case studies. Both modules can serve as useful educational tools in courses in chemical reaction kinetics and heat transfer, and provide excellent exercises for undergraduate students to reflect on, evaluate and justify decisions in engineering design.
Modules description
Module I: Chemical Reaction Kinetics Model: The objective of the experimental module is to study the kinetics of simple chemical reactions in a closed well-stirred tank reactor by analogical hydrodynamic models. A simple chemical reaction of the form A → products has a reaction rate, ℜ, which can be expressed as [7] ) ( , 1
where k and n are the kinetic constants, C A is the concentration of species A, and t is time.
Consider the isothermal system (duct) illustrated in Figure 1 through which a non-viscous liquid flows and drains through a small orifice. The hydrostatic height H of the liquid decreases with time as the volume of the liquid in the system decreases and is not replaced. The flow is clearly unsteady. From the macroscopic expressions of the energy and mass balances within the boundaries of the system, between plane 1 and plane 2, it is easy to establish the relationship between the velocity of the liquid, v 2 , at the outlet of the cylinder, the velocity, v 1 , of the falling liquid at the liquid free surface, and the hydrostatic height, H. Assuming frictional losses to be negligible and the liquid density, ρ, to be constant, the balances are as follows.
Energy balance (Bernoulli equation): 
The analogy between the kinetics of simple chemical reactions and the hydrodynamics of duct drainage is now established -compare Eq. (1) to Eq. (7) whereby the equivalent variables are C A and H -an adequate choice of the value of β yields a series of case studies. For instance, a reaction of order "0" can be simulated by a duct whose lateral boundary is a parabola, a reaction of order "1/2" can be simulated with a duct whose lateral boundary is a vertical line (β >>1), e.g., a cylinder is a good example, and a reaction of order "-1/2" can be simulated with a duct whose lateral boundary is linear in form.
Experimental Procedure: Students are asked to establish the analogy discussed in the previous section, to choose the order of the simulated chemical reaction and to design the corresponding duct (Plexiglas material is used for that purpose) according to the assumptions made in model development. Thereafter, they will carry out a set of experimental as per the following procedure.
1. Set up the ducts on a vertical panel along with the necessary accessories, e.g., beakers, scales, dyes, stop watch, etc.
2. Fill the duct with a non-viscous liquid, e.g., water, until the zero reading of the scale.
3. Make sure air bubbles in the duct are eliminated, and refill the duct with the liquid until the zero reading.
4. Open the orifice and start recording the distance travelled by the liquid free surface, DT i as a function of time t i (i refers to the number of reading). Either a 5. Take frequent readings and tabulate the results as time vs. height as shown in Table 1 , where H i = height of the duct -DT i .
6. Repeat steps 1 through 5 for a number of times for a statistical analysis of the results.
7. Find graphically the order η and constant χ for each of the models considered.
8. Use a software package (e.g., Matlab [8] , Maple [9] , etc.) to determine the order η and constant χ using the Simplex optimization technique [10] (for instance, in case of Matlab, it is available through the library function fminsearch). The function objective to be entered in the software package is based on the principle of least squares and defined by
where m is the total number of readings.
9. Compare graphical and software package results to theoretical predictions.
10. Submit a report on your findings.
Module II: Radiative Heat Transfer
Model: The objective of the computer module is to simulate heat transfer by radiation in a 3-D rectangular enclosure (dimensions: XxYxZ) using a Monte Carlo technique. Both concepts of view and exchange factors, the backbones of any thermal radiation analysis [11] , are considered. The enclosure contains a substrate (dimensions: XsxYsxZs) and a filament as sketched in Figure 2 .
One of the more efficient approaches for thermal radiation analysis is the Monte Carlo (MC) method because of its ability to tackle complex problems with relative ease compared to other numerical techniques [12] [13] [14] [15] [16] [17] [18] [19] . Generally, undergraduate students are not exposed to stochastical techniques, although their implementation is quite intuitive and does not require beyond the physics of the problem at hand along with a standard background in statistics. Analyzing a thermal radiation problem using a MC method consists of tracing the history of a meaningful sample of energy bundles (photons) from their emission to their eventual absorption.
Sampling of the source of energy, direction and wavelength of bundle, absorption or reflection of bundle, etc., is accomplished using probability distributions. For instance, the sampling of energy bundles of the same wavelength, λ, is done by randomly selecting a fraction of the total emitted energy, E λ , over all wavelengths between 0 and ∞ (see Figure 3) defined by Inverting Eq. (8) yields the wavelength of the bundle, e.g., according to the polynomial expansion given by Haji-Sheikh [20] . Similarly, the position of emitting source, direction of bundle, and its absorption/reflection behaviour are sampled from equivalent probability distributions as follows.
Source, S: where α λ is the surface absorptivity at wavelength λ. In this case a new source is randomly selected on the filament and the bundle is traced as per Eqs. (8)- (13) . Otherwise the bundle is reflected from the surface and is further traced according to Eqs. (10)- (13 
The total view or exchange factor between a filament and a surface i is calculated by integrating Eq. (14) over a large number of energy bundles emitted by the filament.
Numerical Procedure: After data on enclosure geometry and physical properties have been defined, a series of computer experiments can be carried out according to the flowchart shown in Figure 4 . Students are asked to solve a series of case studies with the goal of exposing them to various thermal radiation concepts corresponding to black, diffusegray and diffuse-nongray surface approximations. In the end the students should be able to assess the importance of the various design parameters on the performance of the enclosure.
Results and discussion
Module I: Various simple chemical reactions can be simulated by means of the hydrodynamic analog along with the design approach described early in the previous section. Plexiglas and other rudimentary laboratory materials are used to design the hydrodynamic models. After the models have been designed, the suggested experimental procedure is undertaken to generate data relative to different simulated kinetic models as desired.
A typical example is shown in Figure 5 for the case of the hydrodynamics with parameter β = 1 and corresponding to a simple chemical reaction of order η = -1/2. Figure 5 depicts the experimentally measured hydrostatic height of the free-falling liquid as a function of draining time. In order to determine the design parameters η and χ graphically the liquid velocity, -dH/dt, is plotted as a function of its height, H, as illustrated in Figure 6 . A power function fit of the experimental data yields values of ~13.08 and ~-0.53 (theoretical value = 0.5) for the parameters χ and η, respectively. These same parameters have also been estimated using the efficient Simplex optimization technique [10] First, the effect of sampling on the accuracy of MC calculations has been assessed. To this end, the size of energy bundle sample has been increased between the values of 1000 and 10000 and recorded against the corresponding calculated values of the view factor. For simplicity a single source located at the center of the enclosure (substrate, S, is omitted) and the black body approximation are considered here. The results of the calculations are shown in Table 3 for all enclosure surfaces. As one can notice from Table 3 both stability and accuracy of MC calculations improve with increasing bundle sample size and reach the analytical solution for this case for a sample size of 100,000 (this is the size used for all further calculations). Since the source is located at the center of the enclosure then the analytical solution, which is quite intuitive, yields a value of 1/6 for all view factors between the source and the surrounding surfaces. The distribution of energy bundles absorbed by surface T is shown in Figure 7 . As expected the distribution is symmetrical with the maxim amount of energy intercepted by the central region of the surface, which is closest to the source. In the following, the substrate S is included in the enclosure and placed at the center of the enclosure. Figure 8 depicts the number of bundles emitted by the filament and absorbed by S for the diffuse-gray and diffuse-nongray conditions given in the previous paragraph. The effect of the heating filament on energy bundle distribution can be clearly seen (oval-shaped contours in Figure 8 ). The effect of surface absorptivity on energy bundle distribution can also be assessed. 
Conclusions
In this paper I report on two modules involving the concepts of simulation and engineering design. The first module simulates the kinetics of simple chemical reactions by means of hydrodynamic analogs. The second module simulates thermal heat exchange in a 3-D enclosure with nontrivial features. Both modules are flexible and allow for the investigation of a variety of design parameters of the applications at hand. They also provide a series of excellent exercises to students by introducing them to different concepts and inviting them to design, analyse and make decisions about the different scenarios.
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